Recurrent corneal infection with herpes simplex virus-1 (HSV-1) may cause the development of a chronic immunoinflammatory condition known as herpes stromal keratitis (HSK).[@bib1]^--^[@bib3] During the development of HSK, the cornea loses its clarity, becomes opaque, and gets heavily vascularized. The newly formed leaky blood vessels enter into the corneal stroma from the limbal area and travel toward the center of the cornea, thereby affecting the visual axis.[@bib4] Also, massive infiltration of different subsets of leukocytes are reported in HSK-developing corneas.[@bib5]^--^[@bib7] Among them, neutrophils and T cells are the most prominent immune cell types that orchestrate damage to the corneal stroma by releasing cytokines, growth factor, and proteases.[@bib5]^,^[@bib8] The current management of HSK involves the use of oral antivirals and topical application of corticosteroids.[@bib9]^,^[@bib10] However, long-term use of corticosteroids from the recurrence of HSK, have significant side effects including the development of glaucoma, cataract, and the reactivation of latent HSV-1 infection.[@bib11]^,^[@bib12] Thus, a better understanding of immunoinflammatory events in HSK-developing corneas is a prerequisite for developing specific immunotherapeutic approaches to modulate the severity of HSK.

Insulin-like growth factor binding protein-3 (IGFBP-3) belongs to the family of six highly conserved proteins that are encoded by IGFBP1 to IGFBP6 genes.[@bib13]^--^[@bib18] These proteins are characterized by their higher affinity for insulin-like growth factors (IGFs), IGF-I and IGF-II.[@bib13]^,^[@bib19]^,^[@bib20] In serum, IGFBP-3 is the most abundant IGFBP molecule and is involved in transporting IGF-I and IGF-II proteins in large complexes.[@bib15]^,^[@bib21] IGFBP-3 in circulation forms a 150-kDa ternary complex with IGF-I/II and acid labile subunit.[@bib22]^,^[@bib23] Approximately, 75% to 90% of IGF-I/II in circulation is transported with IGFBP-3, and the latter play an important role in regulating the stability and bioavailability of IGF-I molecule. In addition, IGFBP-3 is also known to act in IGF-independent mode and exhibits anti-proliferative and pro-apoptotic effects.[@bib15]^,^[@bib24]^--^[@bib26] IGFBP-3 is reported to present in human corneal epithelial cells[@bib27] and in the tears of diabetic individuals.[@bib28]^,^[@bib29] However, the role of IGFBP-3, if any, in regulating the pathogenesis of HSK is not known.

In the current study, we measured the amounts of IGFBP-3 protein in HSV-1-infected corneas and determined their involvement in regulating the severity of HSK lesions. Our results showed an increased level of IGFBP-3 in HSK developing corneas. The lack of IGFBP-3 resulted in the exacerbation of HSK and was associated with an increased number of leukocytes in infected corneas of IGFBP-3^−/−^ than B6 mice. Together, these results suggest the protective action of IGFBP-3 in HSK lesions. Our results are discussed to define the possible mechanisms by which IGFBP-3 exerts their protective effect in HSK lesions.

Methods {#sec2}
=======

Mice {#sec2-1}
----

Eight- to 12-week-old C57BL/6J female (B6, stock no. 000664) mice were procured from Jackson laboratory (Bar Harbor, ME). Age-matched IGFBP3^−/−^ female mice on B6 background were used for the studies described in this report. IGFBP-3^−/−^ breeders were originally obtained from Dr. Pintar.[@bib30] The colony of IGFBP-3^−/−^ mice were breed and housed at the Division of Laboratory Animal Resources facility at Wayne State University School of Medicine. Functional ablation of IGFBP-3 gene was confirmed both at the protein and gene level (data not shown). All experimental procedures were performed in a class II, type 2 biosafety cabinet and were in complete agreement with the Association for Research in Vision and Ophthalmology statement for the use of animals in ophthalmic and vision research. All animal experiments were carried out in accordance with the rules and regulations of The Institutional Animal Care and Use Committee of Wayne State University.

Virus and Corneal HSV-1 Infection {#sec2-2}
---------------------------------

HSV-1 RE Tumpey strain used in the current study was propagated on monolayer of Vero cells (American Type Culture Collection, Manassas, VA; CCL81) as described previously.[@bib31] Primary ocular HSV-1 infection in B6 and IGFBP-3^−/−^ groups of mice was performed by first, anesthetizing the mice (20 g body weight) via intraperitoneal injection of ketamine HCl (33 mg/kg/body weight) and Xylazine HCl (20 mg/kg/body weight) solution. The effect of anesthesia was determined with toe pinch reflex. The anesthetized mouse corneas were scarified using a 27-G needle and a dose of 1 × 10^5^ or 1 × 10^4^ plaque-forming unit (PFU) of virus in 3µl of 1xPBS was topically applied to the scarified corneas followed by gentle massage of the eyelids.

Mouse Angiogenesis Protein Array Analysis {#sec2-3}
-----------------------------------------

Angiogenesis array was conducted as per manufacturer instructions using mouse angiogenesis array kit, (cat\# ARY015 R&D systems). Briefly, uninfected and eyes infected with HSV-1 (1 × 10^5^ PFU/eye) were enucleated from B6 mice at 5, 10, and 15 days postinfection. Corneas were dissected from the respective eyeballs under the stereomicroscope and transferred into 250 µL of PBS containing protease inhibitor cocktail (Sigma-Aldrich Co.) and saved immediately at −80°C. Individual cornea samples were sonicated using Sonic Dismembrator ultrasonic processor at 50% amplitude with a cycle of 15-second pulse, followed by 1 minute resting on ice. A total of six cycles were given to each cornea. Tissue lysates (sonicated samples) were centrifuged at 4°C at 15,000 rpm for 10 minutes. The supernatant was collected and the amount of protein in each sample was estimated using BCA protein assay kit (cat\# 23225, Thermo Scientific). A total of 200 µg of protein from tissue lysates from each group was used for angiogenesis array analysis as per the manufacturer\'s instructions. The membranes were scanned using FluorChem E Imager system. Positive signals on the membranes were quantified using Image Studio Lite Version 4.0.

Immunofluorescence Staining {#sec2-4}
---------------------------

Immunofluorescence to detect IGFBP-3 protein was carried out on 8-µm-thick frozen corneal sections. The frozen corneal sections from uninfected B6 and IGFBP-3^−/−^ mice eyes and from 4-, 10-, and 14- day postinfected B6 mouse eyes were fixed in 2% paraformaldehyde for 30 minutes at room temperature. Sections were washed three times in 1X PBS followed by blocking with blocking buffer (1X PBS + 3% BSA + 0.3% Triton-X-100) for 2 hours at room temperature. After 2 hours, sections were incubated with primary unconjugated anti-IGFBP-3 antibody overnight at 4°C. The next day, slides were washed three times with 1X PBS + 0.3% Triton-X-100 solution and then incubated at room temperature for 2 hours with Alexa Fluor 488 conjugated secondary antibody. Next, the slides were washed three times with 1X PBS + 0.3% Triton-X-100 solution and later mounted with DAPI containing mounting medium (Vector Laboratories, CA). Images were acquired using a Leica True Confocal Scanner SP8 confocal microscope. Antibody dilutions were made in dilution buffer (1X PBS + 1% BSA + 0.3% Triton-X-100). Sources and dilutions of antibodies are provided in the [Table](#tbl1){ref-type="table"}.

###### 

Antibodies for Immunofluorescence and Flow Cytometry.

  Antibody                Clone      Fluorochrome   Dilution         Catalog No.
  -------------------- ------------ -------------- ---------- -------------------------
  IGFBP-3               Polyclonal   Unconjugated     1:50        Santacruz SC9028
  Donkey anti-rabbit    Polyclonal    Alexa 488      1:200     Molecular Probes A21206
  CD4                     RM4-5         BV605        1:100     BD Biosciences, 563151
  CD11b                   M1/70      PerCp-Cy5.5     1:100     BD Biosciences, 550993
  CD45                    30F-11        PE-Cy7       1:100     BD Biosciences, 552848
  Ly6G                     1A8        Alexa 700      1:100     BD Biosciences, 561236

ELISA to Determine the Amount of IGFBP-3 in the Serum and Cornea of B6 Mice {#sec2-5}
---------------------------------------------------------------------------

ELISA was performed to determine the amount of IGFBP-3 in the serum of uninfected and HSV-1 infected B6 mice at 4, 5, and 10 days post-HSV-1 infection. Diluted serum samples were used to assay for IGFBP-3 protein level using mouse IGFBP-3 DuoSet ELISA kit (DY775, R&D Systems, MN). On the other hand, HSV-1-infected cornea samples obtained at 5 and 15days postinfection from B6 mice were sonicated followed by centrifugation at 3000 rpm for 10 minutes at 4°C.

The supernatant was collected and assayed for IGFBP-3 using DuoSet ELISA kit as per the manufacturer\'s instruction. Sample absorbance was measured at 410 nm (A~410~) on a microplate reader (SpectraMax M5 multimode microplate reader) and the results were expressed as picograms/milliliter.

Quantitative RT-PCR assay {#sec2-6}
-------------------------

Uninfected and HSV-1 infected eyes from B6 mice were collected in RNAlater at 5 and 10 days postinfection and corneas were excised under stereomicroscope. Individual cornea samples were processed to extract RNA using RNA STAT-60 solution (Tel-Test, Friendswood, TX) according to the manufacturer\'s instructions. Purified RNA was quantified using the NanoDrop ND -1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA). One microgram of RNA was reverse transcribed using iScript cDNA synthesis kit (Bio-Rad) to generate the cDNA template for quantitative RT-PCR (qRT-PCR) assay. A 1-µL aliquot of cDNA was used for qRT-PCR reaction with SYBR green/fluorescein PCR master mix (Bio-Rad Laboratories, Richmond, CA). Optimal conditions for qRT-PCR assay were set as per the recommendations of Bio-Rad. qRT-PCR assay was carried out using CFX-Connect Real-time PCR Detection System (Bio-Rad Laboratories). The fold differences in gene expression was calculated after normalization with housekeeping GAPDH gene and represented as relative gene expression ± SEM using the 2^−ΔΔCT^ method of calculation.

Clinical Scoring of HSK {#sec2-7}
-----------------------

For clinical scoring of HSK, B6 and IGFBP3^−/−^ mice were infected with 1 × 10^4^ PFU of HSV-1 RE (Tumpey) strain and the extent of corneal opacity and angiogenesis was measured by a masked observer 7, 10, and 12 days postinfection using a hand-held slit-lamp biomicroscope (Kowa, Nagoya, Japan) as described earlier.[@bib32] Briefly, a standard scale for corneal opacity, ranging from 0 to 5 was used, and the extent of corneal hemangiogenesis was determined by measuring the centripetal growth of newly formed blood vessels in each quadrant of infected cornea.

Cell Surface Staining by Flow Cytometry {#sec2-8}
---------------------------------------

HSV-1-infected eyes from B6 and IGFBP3^−/−^ mice were enucleated at 13 days postinfection and collected in the ice-cold RPMI 1640 medium with antibiotics. The corneas were dissected by using the curved fine forceps (Miltex, York, PA) under the dissecting microscope to separate out the underlying lens, ciliary body, iris, and the scleral tissue. The individual cornea sample was suspended in 250 µL of RPMI 1640, and 20 µL of Liberase TL (2.5 mg/mL) was added followed by incubation at 37°C for 45 minutes on a tissue disruptor. At the end of incubation, the tissue was triturated using 3-mL syringe plunger and passed through a 70-µm cell strainer. This was followed by pelleting down the cells at 315*g* for 8 minutes in a refrigerated centrifuge. The single-cell suspensions from the individual corneas were washed with FACS buffer (PBS + 2% FBS + 0.1% sodium azide). Next, to block the Fc receptors, cornea samples were incubated on ice with anti-mouse CD16/32 Ab for 30 minutes followed by staining with cell-surface antibodies. At the end of the cell-surface staining, samples were fixed in 1% paraformaldehyde and samples were acquired on LSRFortessa flow cytometer. Data were analyzed using FlowJo software. Sources and dilutions of Abs are provided in the [Table](#tbl1){ref-type="table"}.

Statistical Analysis {#sec2-9}
--------------------

Statistical analysis was calculated using GraphPad Prism software (San Diego, CA). Significance was determined by unpaired two-tailed parametric *t* test (with Welch\'s correction) or nonparametric Mann-Whitney *U* test. One-way ANOVA was used to determine statistically significant differences when comparing the results of more than two independent groups. Differences were considered statistically significant as follows: \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001, and \*\*\*\**P* ≤ 0.0001.

Results {#sec3}
=======

Increased Level of IGFBP-3 Protein in HSV-1-Infected Cornea {#sec3-1}
-----------------------------------------------------------

The development of HSK is associated with the formation of new leaky blood vessels in HSV-1-infected corneas.[@bib4] In an unbiased approach, a membrane-based protein angiogenesis array was carried out on the tissue lysates obtained from uninfected and HSV-1 infected corneas at 5, 10, and 15 days postinfection, as described in the Methods. The quantification of the signal intensity of protein molecules on the membrane was performed using Image Studio Lite Version 4.0 software. Our results showed that in comparison to uninfected corneal tissue, HSV-1-infected corneas had an increased level of several angiogenesis regulating molecules such as osteopontin, FGF-2, platelet factor 4, and IGFBP-3 ([Fig. 1](#fig1){ref-type="fig"}). Quantification of signal intensity showed that in comparison to uninfected cornea, HSK developing corneas had more than 40-fold increase in signal intensity of IGFBP-3 protein at 10 and 15 days postinfection. Similarly, about fourfold increase in the signal intensity of MMP-3 matrix metalloproteinase (MMP) protein was detected in HSK developing corneas at 10 and 15 days postinfection. Our results also showed about 50% decrease in the level of tissue inhibitor of metalloproteinase-1 (TIMP-1) molecule in HSK corneas at 15 days postinfection, when compared with HSK developing corneas at 10 days postinfection ([Fig. 1](#fig1){ref-type="fig"}C). Because of our specific interest in understanding the role of IGFBP-3 in HSK-developing corneas, we quantified the level of IGFBP-3 protein, using ELISA assay, in HSV-1-infected corneas at 5 and 15 days postinfection. We chose these two time-points because in the mouse model, HSK is divided into preclinical (days 1-6 postinfection) and clinical disease period (days 7-18 postinfection).[@bib33] Our results showed a significant increase in the protein level of IGFBP-3 in the corneas with HSK during clinical disease period ([Fig. 1](#fig1){ref-type="fig"}E).

![An increased amount of IGFBP-3 protein in the lysates of HSV-1-infected corneas than uninfected corneas. (**A**) Angiogenic array blots were incubated with equivalent amount of proteins obtained from the lysates of uninfected (naive) corneas and HSV-1-infected corneas at 5, 10, and 15 days postinfection (p.i.). Array blots are showing the intensity of angiogenic molecules from uninfected and HSV-1-infected cornea samples. The numbers 1, 2, and 3 in the array blots denote IGFBP-3, MMP-3, and TIMP-1 protein molecules, respectively. (**B**) Bar diagram denotes the quantification of signal intensity of different angiogenic molecules from uninfected and HSV-1-infected cornea samples using Image Studio Lite Version 4.0 software. (**C**) Average signal intensity of IGFBP-3, MMP-3, and TIMP-1 molecules in uninfected and HSV-1-infected corneal lysates is shown in the bar graph. (**D**) Mouse angiogenesis array layout showing the position of different angiogenic molecules on membrane used for array blots. (**E**) Bar graph denotes IGFBP-3 protein level in the lysates of infected corneas at 5 and 15 days p.i. as determined by ELISA assay (n = 5 corneas at each time-point). *P* value was calculated using unpaired two-tailed Student *t*-test with Welch correction.](iovs-61-2-46-f001){#fig1}

Localization of IGFBP-3 in the Corneal Epithelium and Stroma of HSK Developing Corneas {#sec3-2}
--------------------------------------------------------------------------------------

Of the IGFBPs, IGFBP-3 protein is the most abundant IGFBP molecule in the peripheral circulation, which carries more than 75% of serum IGF-I and IGF-II in large complexes.[@bib15]^,^[@bib18] To ascertain if an increased level of IGFBP-3 in HSV-1-infected cornea is the outcome of reduced amounts of IGFBP-3 protein in circulation, we next measured the level of IGFBP-3 protein in the serum of uninfected and HSV-1-infected mice at different day postcorneal infection. As shown in [Figure 2](#fig2){ref-type="fig"}A, a significant decrease in the amount of IGFBP-3 protein was noted in the serum of infected mice at 5 and 10 days postinfection when compared with serum of uninfected mice. The decrease in serum level of IGFBP-3 protein at 5 and 10 days postinfection was associated with an increased amount of IGFBP-3 protein in HSV-1-infected cornea as evident from the protein array data shown in [Figure 1](#fig1){ref-type="fig"}, suggesting a possibility of IGFBP-3 influx in inflamed cornea from the peripheral circulation. However, IGFBP-3 is also reported to express in the corneal epithelial cells,[@bib27] and an increased expression of IGFBP-3 in inflamed cornea could also contribute to the higher level of IGFBP-3 that is detected in HSK-developing corneas. To measure the gene expression of IGFBP-3 molecule, qRT-PCR assay was carried out on uninfected and HSV-1-infected corneas. Our results showed that in comparison to uninfected corneas, HSV-1-infected corneas at 10 days postinfection displayed significantly increased level of IGFBP-3 mRNA ([Fig. 2](#fig2){ref-type="fig"}B). When present inside a cell, IGFBP-3 protein is known to interact with cytosolic proteins and get transported to the nucleus for exerting their functional activity.[@bib24] The immunofluorescence staining of IGFBP-3 in the frozen corneal sections of HSV-1-infected corneas showed the cytosolic accumulation and nuclear localization of IGFBP-3 in epithelial cells of infected corneas ([Fig. 2](#fig2){ref-type="fig"}C). Moreover, scattered IGFBP-3 staining was also evident in the corneal stroma of eyes with HSK lesions. Together, our results showed the presence of IGFBP-3 protein in the epithelium and stroma of HSK developing corneas.

![Reduced level of IGFBP-3 protein in circulation but an increased expression of IGFBP-3 in corneas of HSV-1-infected mice during clinical disease period of HSK. (**A**) Bar graph denotes the amount of IGFBP-3 in the serum of naive (uninfected) and HSV-1-infected mice at different day postinfection (p.i.). Each symbol in the graph represents an individual mouse. One-way ANOVA test was carried out to determine the statistical significance. (**B**) Scatter plot shows the mRNA level of IGFBP-3 in naive (uninfected) and infected cornea at 10-day p.i. Each symbol in graph denotes an individual cornea. Two-tailed Student *t*-test with Welch\'s correction was performed to determine the statistical significance (**C**) Representative frozen corneal sections are demonstrating IGFBP-3 staining in naive (uninfected) cornea, infected corneas at 4, 10, and 14 days p.i., and in naive IGFBP-3^−/−^ cornea. IGFBP-3 (green) and DAPI nuclear staining (blue) in the corneal sections. Magnification 40× for corneal images.](iovs-61-2-46-f002){#fig2}

Lack of IGFBP-3 Exacerbates the Severity of HSK Lesions {#sec3-3}
-------------------------------------------------------

Next, to ascertain if IGFBP-3 molecule could play a role in the development of HSK lesions, we performed the corneal HSV-1 infection in B6 and IGFBP-3^-/−^ mice. The knockout phenotype of IGFBP-3^−/−^ mice was confirmed both at the DNA and protein level (data not shown). Both groups of mice were infected with a low dose (1 × 10^4^ p.f.u.) of HSV-1. The development of corneal opacity and hemangiogenesis was measured in both groups of mice in a masked manner using hand-held slit-lamp microscope at different time-points postinfection. The representative HSK-developing eye images from both groups of infected mice and the clinical scoring clearly showed the significantly increased scoring of the corneal opacity and hemangiogenesis in IGFBP-3^−/−^ mice at 10 and 12 days postinfection in comparison to virus-infected B6 mice ([Fig. 3](#fig3){ref-type="fig"}A and B). The incidence of corneal opacity was also much higher in IGFBP-3^−/−^ than B6 mice when measured at 12 days postinfection ([Fig. 3](#fig3){ref-type="fig"}C). Collectively, our results showed exacerbation of HSK lesions in IGFBP-3^−/−^ mice.

![Exacerbation of HSK lesions in the corneas of IGFBP-3^−/−^ than B6 mice. (**A**) Representative eye images are denoting the severity of corneal opacity and hemangiogenesis in infected corneas from IGFBP-3^−/−^ and B6 mice at 10 and 12 days postinfection (p.i.). (**B**) Scatterplots with bar diagram are denoting the corneal opacity and hemangiogenesis grading measured using silt-lamp microscope for individual corneas from B6 and IGFBP-3^--/--^ mice at 7, 10, and 12 days p.i. Unpaired parametric two-tailed *t*-test with Welch correction was used to determine the statistical significance of the data presented in the graph.](iovs-61-2-46-f003){#fig3}

Increased Number of CD4 T Cells and Neutrophils in HSK-Developing Corneas of IGFBP-3^−/−^ Mice {#sec3-4}
----------------------------------------------------------------------------------------------

CD4 T cells and neutrophils are the major players in orchestrating the damage to HSV-infected corneas and are reported to present in the corneas with HSK lesions.[@bib5]^,^[@bib8] To ascertain whether lack of IGFBP-3 affects the number of infiltrating CD4 T cells and neutrophils in HSK developing corneas, corneal HSV-1 infection was carried out in B6 and IGFBP-3^−/−^ mice as described in the Methods. Mice from both groups were euthanized 13 days postinfection and the corneas were excised under stereomicroscope. Single cell preparation of the corneas was carried out for flow cytometry studies as described in the Methods. Samples were acquired on LSRFortessa flow cytometer and the data was analyzed using FlowJo software. Representative FACS plots shown in [Figure 4](#fig4){ref-type="fig"} document the gating strategy used on the corneal samples from both groups of mice. Our results showed the significant increase in the frequency and absolute number of CD45^+^ leukocytes in the infected corneas from IGFBP-3^−/−^ than B6 mice 13 days postinfection. Further analysis of leukocytic subpopulation showed higher frequency of neutrophils and an increased number of neutrophils and CD4 T cells in HSV-1-infected corneas from IGFBP-3^−/−^ mice when compared with control infected B6 mice. Together, our results suggest that the increased number of CD4 T cells and neutrophils in infected corneas could exacerbate the severity of HSK in IGFBP-3^−/−^ mice.

![Increased number of neutrophils and CD4 T cells in HSK-developing corneas of IGFBP-3^−/−^ than B6 mice. (**A**) Representative FACS plots are denoting the gating strategy used to determine the cell populations of singlets, leukocytes, neutrophils, and CD4 T cells in HSK-developing corneas from IGFBP-3^−/−^ and B6 mice at 13 days postinfection (p.i.). (**B**) Bar diagram with scatter plots are denoting the frequency and absolute numbers of CD4 T cells and neutrophils in HSK developing corneas from both groups of mice at 13 days p.i. Each symbol in the graph represents the frequency and absolute number of immune cells in an individual cornea from each group of mice. Unpaired nonparametric Mann-Whitney test was carried out to determine the statistical significance of the data presented in the graphs.](iovs-61-2-46-f004){#fig4}

Discussion {#sec4}
==========

HSK is a chronic inflammatory condition that develops in response to recurrent corneal infection with HSV-1. The hallmark of HSK is neovascularization, lymphangiogenesis, and the infiltration of neutrophils and CD4 T cells in inflamed corneal tissue.[@bib1]^,^[@bib4]^,^[@bib34] A better understanding of molecular events that regulate these pathological processes is essential to develop new approaches to manage the severity of HSK. In this study, we determined the role of IGFBP-3 protein in regulating the pathogenesis of HSK. Our results showed an increased amount of IGFBP-3 protein in HSK developing corneas. The functional efficacy of IGFBP-3 in regulating the severity of HSK was determined using IGFBP-3^−/−^ mice. The latter exhibited more severe hemangiogenesis, corneal opacity, and an increased number of CD4 T cells and neutrophils in HSV-1-infected corneas. Together, our results showed the protective effect of IGFBP-3 during the development of HSK.

IGFBP-3 is the major carrier protein for IGF molecules in the circulation and regulates the bioavailability of IGF-I to the extravascular compartment. Most of the circulating IGFBP-3 originates in the liver and their expression could be regulated by growth hormone because of the presence of a growth hormone-response element in IGFBP-3 gene.[@bib35]^,^[@bib36] Our results showed about 50% reduction in the serum level of IGFBP-3 protein in HSV-1 infected mice during clinical disease period when compared to the serum from uninfected mice. The reduction in the amounts of circulatory IGFBP-3 protein in HSK developing mice could either be due to reduced synthesis of IGFBP-3 in the liver or an increased proteolysis of IGFBP-3 in the serum.[@bib37]^,^[@bib38] IGFBP-3 can be cleaved by serine proteases, cathepsins, and MMPs.[@bib39] The reduced level of circulatory IGFBP-3 protein during clinical disease period could also be due to the vascular leakage of IGFBP-3 protein complex from newly formed leaky blood vessels into HSK developing corneas. In fact, our results did show the elevated levels of IGFBP-3 protein, and scattered IGFBP-3 staining in the stroma of HSK developing corneas during clinical disease period.

Higher amounts of IGFBP-3 in HSK developing cornea could also be due to an increased expression of IGFBP-3 gene in the cells of the corneal tissue. IGFBP-3 is reported to express in corneal epithelial cells.[@bib27] Our results showed an upregulation of IGFBP-3 mRNA expression in HSV-1-infected cornea during clinical disease period. Several factors such as TGF-β1, IGF-I, retinoic acid, TNF-α, and hypoxia are known to upregulate IGFBP-3 mRNA expression.[@bib40]^--^[@bib42] We recently showed the development of hypoxia in HSK-developing corneas,[@bib43] suggesting a possibility that hypoxia might upregulate the expression of IGFBP-3 in HSK lesions. Once expressed, IGFBP-3 protein is secreted out of the cell but can be taken up in an autocrine or paracrine action through a variety of endocytic mechanisms involving caveolin-1 and clathrin-coated pits.[@bib44]^,^[@bib45] After the uptake, IGFBP-3 can shuttle between nucleus and cytosol and regulates the cellular apoptosis.[@bib44]^,^[@bib46] Specific phosphorylation of IGFBP-3 protein is considered critical for the induction of apoptosis.[@bib47]^,^[@bib48] Even though our confocal results showed cytosolic accumulation and the nuclear localization of IGFBP-3 protein in the corneal epithelial cells of HSK developing corneas, it did not specify if IGFBP-3 protein is phosphorylated and could cause the apoptosis of corneal epithelial cells in HSK developing eyes. It is also possible that IGFBP-3 in the corneal epithelial cells, during the development of HSK, might exerts anti-apoptotic effect as reported in endothelial cells primarily through activation of sphingosine kinase and an increased expression of sphingosine kinase 1.[@bib49] In addition to trafficking inside the cell, IGFBP-3 can also bind to cell membrane bound receptor such as type V TGF-beta receptor (TbetaR-V) also known as low-density lipoprotein-related protein 1.[@bib50] IGFBP-3/TbetaR-V receptor complex in association with TGF-β1 can deliver inhibitory signal and causes the growth inhibition of the cell.[@bib50] It will be interesting to determine if corneal epithelial cells, during the development of HSK, express lipoprotein-related protein 1 and the latter regulates IGFBP-3 mediated growth inhibitory signal in the corneal epithelium. Increased expression of IGFBP-3 protein in the corneal epithelium may play an important role in regulating HSV-1 load in the infected corneas. IGFBP-3 in the IGF independent manner is reported to induce the cellular senescence,[@bib51] and the latter is shown to reduce the viral load.[@bib52] Besides, IGFBP-3 also regulates IGF-1R mediated signaling in macrophages,[@bib53] and the latter immune cell type is involved in regulating the establishment of HSV-1 latency in the trigeminal ganglia.[@bib7]^,^[@bib54] Thus, IGFBP-3 in an IGF-dependent or independent manner may participate in regulating viral load in the cornea and trigeminal ganglia of HSV-1 infected mice.

Depending upon the microenvironment and cellular context, IGFBP-3 can either have a protective or damaging effect in an ongoing inflammation. IGFBP-3 has been shown to regulate the pathophysiology of several human diseases such as cancer, diabetes, and malnutrition.[@bib25] The anti-angiogenic property of IGFBP-3 is reported in prostate cancer and head and neck squamous cell carcinoma.[@bib55]^--^[@bib57] On the other hand, overexpression of IGFBP-3 in retinal endothelium is shown to restore vascular integrity in Diabetic retinopathy.[@bib58]^,^[@bib59] Our results are in agreement with the anti-angiogenic effects of IGFBP-3 in an inflammatory setting, as the absence of IGFBP-3 resulted in the exacerbation of hemangiogenesis in HSK developing corneas. IGFBP-3 is reported to inhibit hemangiogenesis in IGF-independent and IGF-dependent fashion.[@bib55]^,^[@bib56]^,^[@bib60] Therefore, enhanced neovascularization detected in HSK developing corneas of IGFBP-3^−/−^ mice could be the outcome of IGF-dependent or independent events. In addition to an increased hemangiogenesis, our results also showed an increased number of neutrophils and CD4 T cells in HSK developing corneas of IGFBP-3^−/−^ mice. Lack of IGFBP-3 is expected to increase the bioavailability of IGF-1 molecule for IGF-1R-expressing leukocytes. In B6 mice, IGF-1R signaling in leukocytes can occur either in the circulation when IGFBP-3 level decreases in the peripheral blood of HSV-1-infected B6 mice ([Fig. 2](#fig2){ref-type="fig"}) or in the HSK lesions due to the proteolysis of IGFBP-3 by MMPs. IGF-1 has been shown to increase the survival of human granulocytes,[@bib61]^,^[@bib62] and is reported to potentiate the effector function of neutrophils.[@bib63] Similarly, IGF-1R signaling is also reported to enhance the survival of activated T cells.[@bib64]^,^[@bib65] Thus, the increased number of neutrophils and CD4 T cells detected in HSK developing corneas of IGFBP-3^−/−^ mice can be the direct outcome of IGF-1R mediated signaling on these immune cell subsets.

Together, our results suggested the anti-inflammatory role of IGFBP-3 in HSK setting as their absence resulted in the exacerbation of HSK lesions. In fact, anti-inflammatory role of IGFBP-3 has been reported in other inflammatory conditions.[@bib66] Therefore, increasing the IGFBP-3 protein level in HSV-1-infected cornea is anticipated to alleviate the severity of HSK lesions.
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